An improved strategy for the preparation of octadecylated silica monolith capillary column with high homogeneity was proposed. Column performance was evaluated by nanoscale HPLC. The design for constructing an integrated nanoelectrospray emitter on the octadecylated silica monolith capillary column was first introduced. In comparison with the separated configuration where the emitter is connected to monolithic capillary column by the aid of a zero dead volume union, the integrated capillary column has the inherent advantage of the minimized extracolumn volume thus providing improved separation quality. The performance of the integrated monolithic capillary column was evaluated by separation of BSA tryptic digest, and peak capacity of 313 with a 30-cm column was obtained. The high separation performance allowed highly confident identification of 662 distinct proteins through assignment of 1933 unique peptides by analysis of tryptic digest of 0.5 g of Saccharomyces cerevisiae proteins. The higher separation efficiency by a 60-cm monolithic capillary column increased the proteome coverage with identification of 1323 proteins through assignment of 5501 unique peptides over 400-min gradient elution.
The ultimate goal of proteomics is to study biological processes comprehensively by the systematic analysis of the proteins expressed in living systems (1) . The basis for proteome analysis requires resolution of proteins followed by identification of the resolved proteins. Separation by twodimensional PAGE is the most widely used methodology in proteomic research (2, 3) as it combines two orthogonal separations to obtain efficient resolution of complex protein mixtures. However, two-dimensional PAGE has limitations such as difficulty to be automated and incompatibility with proteins of extreme pI values and molecular weight, low abundance proteins, and membrane-associated or -bound proteins (4 -6) . Recently shotgun methodology based on nanoscale HPLC (nano-HPLC) 1 has emerged as an attractive alternative for proteome analysis because of its speed, ease of automation, and compatibility with mass spectrometry (7, 8) .
Separation columns for nano-HPLC are usually fabricated by packing particulate beads with a controlled range of diameters and pore size. Particles of smaller diameters are preferably used to achieve a better efficiency, although they are hindered by the increase of backpressure. Recently the concept of monolithic column has been well established in separation technology (9 -13) . The monolithic structure eliminates the interstitial voids in particulate columns, thus leading to fast mass transfer kinetics during separation. Moreover the enhanced permeability of monolithic rods results in a much lower backpressure, enabling the choice of longer columns to achieve increased separation performance (14, 15) . The pores present in the monolithic columns are key parameters affecting separation and permeability. As recommended by IUPAC, pores less than 2 nm in diameter are termed "micropores," those with diameters between 2 and 50 nm are termed "mesopores," and those greater than 50 nm in diameter are termed "macropores." Silica monoliths and synthetic polymeric monoliths represent two major families. Although polymer-based monoliths have such advantages as good biocompatibility and wide application range of pH values, they also undergo shrinking or swelling in organic solvents and may contain domains of micropores negatively affecting the efficiency and peak symmetry. Silica monoliths are porous rods consisting of a silica skeleton with interconnecting macropores. Inside the skeleton a large number of mesopores is present. The macropores can provide fast flow, whereas the mesopores determine the surface area of the monolithic rod, which is necessary for a high maximum loadability of the column.
By connecting with a prepared, replaceable emitter, the monolithic capillary column can be readily interfaced with ESI-MS (16 -19) . Although the separated emitter design (separate format) is convenient and flexible, the connection of the tapered ESI emitter via a union will increase extracolumn volume and decrease separation efficiency. To circumvent this problem, a dead volume-free configuration was developed by Leinweber et al. (20) where the plain cut end of the monolithic capillary was directly used as the spray emitter. However, this design is not well applicable to nano-ESI because of its inferior sensitivity.
Constructing an effective nano-ESI emitter directly on the capillary outlet (integrated capillary) is preferred because of its inherent advantages (21) . In this study, a novel strategy was proposed concerning optimization of tailoring mesopores of silica monolith inside a capillary. The performance of the octadecylated silica (ODS) monolithic stationary phase was evaluated by nano-HPLC. Thereafter a facile design for fabricating an integrated ESI emitter on monolithic silica capillary column was proposed. In comparison with the separated emitter design for monolithic columns, the integrated format showed superiority in the nano-HPLC/nano-ESI-MS/MS analysis of protein digest. In addition, the integrated monolithic capillary column was also applied to the analysis of the Saccharomyces cerevisiae proteome, and the potential of utilizing longer monolithic capillary column for highly efficient proteomic analysis was further demonstrated.
EXPERIMENTAL PROCEDURES
Sample Preparation-Tryptic digests of S. cerevisiae proteins and BSA (Sigma) were used to evaluate the performance of nano-HPLC/ nano-ESI-MS/MS, and the tryptic samples were prepared according to protocols published elsewhere (7, 22, 23) .
Preparation of Silica Monolithic Capillary Column with Octadecylated Stationary Phase-The fused silica capillary for nano-HPLC was obtained from Polymicro Technologies (Phoenix, AZ), and the preparation of native silica monolith inside a capillary may refer to procedures reported elsewhere with modifications (24, 25) . In detail, the polymerization mixture containing 1.06 g of poly(ethylene glycol) (molecular weight ϭ 10,000; Aldrich), 4.5 ml of tetramethylorthosilicate, and 10 ml of 0.01 M acetic acid was violently agitated to promote hydrolytic reaction in an ice bath for 45 min. The resultant transparent sol was then charged into the pretreated capillary followed by immersion of the capillary into a thermostated bath at 40°C for 24 h, thus leading to the formation of the macropores of the monolith. Here the composition and acid concentration of the starting solution and the reaction temperature are the key parameters that determine the macropore morphology. The mesopore formation requires further tailoring of the internal pore structure of the monolith in the wet state that can be completed by exchanging the fluid phase with basic solution. In our experiment, the basic environment was produced by thermal decomposition of aqueous urea solution at elevated temperatures; thus the microporous gel skeletons become reorganized into skeletons with mesopores. As a consequence of the independent control of macropore and mesopore sizes, a silica gel monolith with sharply distributed continuous pores in discrete size ranges can be fabricated. After calcination at 330°C for 25 h to remove the organic moieties, the double pore silica monolith was prepared and ready for subsequent modifications. Surface octadecylation of the monolithic silica capillary was done by continuously delivering silanization solution through the column for about 6 h at 80°C. The silanization solution contained 10% (w/v) octadecyldimethylchlorosilane (ABCR, Karlsruhe, Germany) in anhydrous N,N-dimethylformamide with a small amount of 2,6-lutidine as catalyst. The end capping procedure to minimize residual silanols was carried out by using trimethylchlorosilane (ABCR) as silanization reagent for another 6 h. The thus prepared monolithic ODS capillary column was subsequently flushed with N,N-dimethylformamide and methanol prior to use.
Fabrication of Integrated Nanospray Emitters for Monolithic ODS Capillary Columns-The integrated emitter was prepared by directly tapering the tip from the outlet of the monolithic ODS capillary column. A monolithic capillary column of the appropriate length was chosen and mounted on a Waters 510 HPLC pump. The outlet of the monolithic capillary was heated to adhere to a bare capillary by using a butane torch, and the tapered tip from the monolithic capillary was prepared by drawing the bare capillary. Note that the monolithic capillary was always flushed with water to ensure that the emitter remained clog-free during the process. Thereafter an orifice diameter of ϳ3-5 m was cut, and the monolithic ODS capillary column integrated with an ESI emitter was then ready for use.
Nano-HPLC and Nano-HPLC/Nano-ESI-MS/MS-Nano-HPLC experiments with UV detection were carried out on a split injection HPLC system consisting of two Shimadzu LC-10ATvp pumps (Kyoto, Japan), a diode array detector for on-column detection (Beckman), and an inject valve (model 7125, Rheodyne) fitted with a T-union, which serves as a splitter, with one end connected to the monolithic capillary column and the other end connected to a flow restrictor that is a 50-m bare capillary. The nano-HPLC/nano-ESI-MS/MS experiments were performed by interfacing a surveyor MS pump to a Finnigan LTQ ion trap mass spectrometer (Finnigan MAT, ThermoFinnigan, San Jose, CA). Purified water with the addition of 0.1% formic acid was used as mobile phase A, and 0.1% formic acid in acetonitrile was used as mobile phase B. Here a polyetheretherketone microcross was used, the fourth point of which was connected with a platinum wire and used to supply a spray voltage of 1.8 kV as described elsewhere (23) . The effective flow rate through the monolithic capillary column was 100 -300 nl/min, and the heated desolvation of capillary was set at 200°C. For the analysis of BSA digest, the mass spectrometer was set so that one full MS scan was followed by four MS/MS scans on the four most intense ions from the MS spectrum, whereas for S. cerevisiae, one full MS scan was followed by six MS/MS scans.
Data Analysis-All MS/MS spectra were searched against a protein database using the Sequest algorithm (26) . The database for BSA was created in house, and the yeast database was downloaded from a website (ftp://genome-ftp.stanford.edu/yeast/data_download/ sequence/genomic_sequence/orf_protein/orf_trans.fasta.gz). Trypsin was set as the enzyme for database search. All output results were combined together using the BuildingSummary software to delete keratins and the redundant data (27) . For the analysis of BSA, the Sequest results were only filtered by the cross-correlation score (Xcorr). The peptides were considered positive identifications if their Xcorr was above 1.9 for singly charged peptides, 2.2 for doubly charged peptides, and 3.75 for triply charged peptides. For the analysis of yeast sample, one more criterion was used to filter the search results: ⌬Cn cutoff values were Ն0.1.
RESULTS
Homogeneity of the Monolithic Structure-Our strategy for optimization of mesopore tailoring can produce monolithic silica structure of high homogeneity. By flushing the wet gel with aqueous urea solution, the solvent exchange step was completed by thermal decomposition of urea solution at elevated temperatures to produce an alkaline pH environment homogeneously around the whole monolithic structure. Also the pH increased as time evolved, strengthening the monolithic structure and tailoring the mesopores. Consequently a uniform monolithic silica structure inside a capillary was achieved, and its homogeneity was characterized by scanning electron microscopy as illustrated in Fig. 1 .
Separation of benzene homologues in nano-HPLC was used to characterize the performance of the prepared monolithic ODS capillary column. The solutes were eluted in the order of thiourea Ͻ benzene Ͻ toluene Ͻ ethylbenzene Ͻ propylbenzene Ͻ butylbenzene according to their increased hydrophobicities. A linear relationship between the logarithm of the capacity factor (log kЈ) and the carbon number of the solutes was also observed. Column efficiencies of about 90,000 plates/m for these solutes were obtained. The Van Deemter plot obtained by treating the experimental data showed that plate height at higher flow rates increases very slightly, indicating the existence of a unique through-pore channel in the monolithic silica capillary columns.
The Integrated Monolithic Silica ODS Capillary Column for Highly Efficient Proteome Analysis-The photographs of the integrated monolithic capillary column prepared in this study are shown in Fig. 2 . In this design, fabrication of an integrated ESI emitter requires only a small length of separation column; thus the performance of the separation column can be easily maintained by fabricating a new emitter if the prepared emitter is broken. Such a feature is important for the integrated monolithic column to be widely accepted in proteomic analysis. For integrated packed capillaries, however, the emitter failure also destroys the separation column, presenting an obstacle for its routine application.
The integrated monolithic ODS capillary column is a valuable tool for highly efficient proteome analysis, and a theoretical measure of its liquid chromatographic separation capability is peak capacity. Peak capacity is defined as the number of peaks that can be separated with a resolution of unity in a given time internal, and it is determined by Equation 1 (28) ,
where L is the total time over which the peptides elute and is the average standard deviation of the peaks. In the nano-HPLC/ nano-ESI-MS/MS analysis of BSA tryptic digest, improved separation efficiency of the integrated monolithic column was obtained. By examining the elution profile of the moderate intensity peptide of K.LVNELTEFAKTCVADESHAGCEK.S extracted from the separation chromatogram, the peak capacity of 313 can be theoretically measured for a 30-cm monolithic capillary column 
FIG. 2. Photographs of the nano-ESI emitter integrated with the monolithic ODS capillary column.
(see Fig. 3 ). However, peak capacity was only 250 when the same monolithic column was interfaced for analysis to a tapered ESI emitter from a 5-cm capillary of 25-m inner diameter (see Fig. 4 ), i.e. 20% of the separation efficiency has been sacrificed by this undesirable peak broadening effect. The performance of a 12-cm integrated capillary column packed with 5-m ODS-AQ was also evaluated with BSA digest as the model sample under gradient elution within 58 min. The peak of the same peptide had 2 of 0.14 min, and a peak capacity of 214 was obtained. Thus the separation performance of a 30-cm monolithic capillary column is higher than the 12-cm ODS-AQ stationary phase.
S. cerevisiae has been the subject of a wide variety of proteomic analyses. Fig. 5 is the base peak chromatogram for separation of the tryptic digest of 0.5 g of yeast proteins with a 30-cm integrated monolithic capillary column. The mobile phase flow is ϳ160 nl/min, and gradient ramp time from 10 -35% B is 98 min. Symmetric peaks were observed through the entire separation. The MS/MS data were searched against the S. cerevisiae proteome database using Sequest software, and a total of 662 distinct proteins were identified through assignment of the 1933 unique peptides. However, the 12-cm ODS-AQ packed column enabled only 564 different S. cerevisiae proteins to be identified through Thus, a 60-cm integrated monolithic capillary column was prepared, and its peak capacity was estimated by loading 0.2 pmol of BSA digest for nano-HPLC/nano-ESI-MS/MS analysis. The eluted peaks had an average 2 of 0.30 min over the 120-min gradient elution, thus yielding a peak capacity of 400. In total, 112 unique peptides in the digested product were detected and matched the 94.23% of total sequence of BSA. Fig. 6 shows the base peak separation of tryptic digest of 0.5 g of S. cerevisiae proteins with a 60-cm integrated monolithic capillary column. By filtering the MS/MS data with the above conservative criteria, a total of 5501 unique peptides were assigned for identification of 1323 proteins from the S. cerevisiae proteome by effective gradient elution in 400 min.
DISCUSSION
In contrast to polymer-based monoliths, the mesopore structure determining the surface area of silica monolith is independently tailored. Solvent exchange with aqueous ammonium solution is an efficient way for converting micropores to mesopores (12, 13) ; however, monolithic silica structure Other conditions were the same as in Fig. 3 . NL, normalize. may be disrupted if it is flushed directly with basic solution. The incorporation of urea in the polymerization solution to generate ammonia (29) is an attractive alternative, although the silica-sol-gel polymerization is influenced to some extent. Our improved strategy is superior to the above two protocols because ammonium hydroxide is substituted with aqueous urea solution for tailoring mesopores of the monolithic structure. The urea solution is of neutral pH and friendly to the monolithic structure, while the increased pH that occurs at elevated temperatures is necessary for mesopore formation. Therefore, the mechanical strength of the monolithic silica structure as well as the through-pore channel allowing mobile phase fast flow-through is well maintained in this process.
Reversed-phase LC-mass spectrometry using an ESI interface has become a routine tool for proteomic analysis. The nano-ESI emitter uses the pulled capillary with a very small spraying orifice and a very low flow rate, which in turn leads to very small droplet sizes and provides higher MS detection sensitivity. The most used interface requires the aid of a zero dead volume union; although easy and flexible to be implemented, it introduces extracolumn void volume, which will in turn degrade the separation quality. In an effort to minimize the undesirable peak broadening, the integration of the ESI emitter directly on the separation column seems to be an attractive alternative as has been used for particulate-packed capillary columns by packing stationary phases into a bare capillary with a prepulled emitter. However, fabrication of on-column integrated ESI emitters for monolithic columns has to be completed only in the final step. The high torch temperature for drawing the tips will disintegrate part of the monolithic bed (ϳ1.5 cm), therefore water pumping is introduced to flush the silica debris off and ensure that emitters remain clog-free. In addition, ESI tips having very thin walls will hence be produced, possibly providing higher detection sensitivity than the equivalent diameter orifices with thick walls.
The integrated monolithic ODS capillary column showed improved separation efficiency in nano-HPLC/nano-ESI-MS/MS analysis of BSA tryptic digest by excluding the undesirable peak broadening effect caused by the separate emitter capillary. In addition to a reduction in extracolumn volume, the integrated design is also free of extracolumn pressure as is often the case for a separate format in which ESI emitters of thin diameter are coupled. The separation performance of a 30-cm monolithic capillary column was higher than that of the 12-cm ODS-AQ, yet half of the column pressure needed for the packed column was needed to maintain similar flow rates. Although peak capacity of unit separation length is somewhat lower than that for 5-m ODS-AQ, monolithic columns are still attractive because they can be readily prepared either at any length to yield much higher peak capacity than a particulate column or of thinner capillaries to enhance detection sensitivity.
Monolithic ODS capillary columns were demonstrated to be a powerful tool for highly efficient proteomic analysis as they are capable of offering the unique combination of high hydraulic bed permeability, high separation efficiency, and large surface area, a combination of which cannot be realized with any type of particulate stationary phase. The 30-cm monolithic ODS capillary column allowed 662 S. cerevisiae proteins to be identified through assignment of the 1933 unique peptides. The monolithic column is superior to a particulate column because the higher separation efficiency of the former decreases the dynamic range limitations of a single mass spectrum and the possibility of minor species coeluting with major peptide components, which in turn enhances the effectiveness of peptide detection and identification and increases the S. cerevisiae proteome coverage.
According to the relationship recently described by Shen et al. (30) , the longer the separation length, the higher the peak capacity. The highly efficient separation of BSA digested products by the 60-cm monolithic capillary column further increases the number of unique peptides identified, leading to increased coverage for matching the protein sequence.
In contrast to the relatively less complex BSA digests, the high efficiency of a long column is more desirable for resolving extremely complex mixtures such as a globular enzymatic digest. Twice as many proteins and unique peptides were identified when the trypsin-digested sample of S. cerevisiae was analyzed, and the S. cerevisiae proteome coverage was raised to an extent that is comparable to two-dimensional separation (7). In conclusion, the longer integrated monolithic capillary column with surpassed peak capacity can be a very powerful tool for highly efficient proteomic analysis. 
